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exploring the reactivity of distinct 
electron transfer sites at cVD grown 
monolayer graphene through the 
selective electrodeposition of Moo2 
nanowires
Alejandro García-Miranda ferrari1,2, Christopher W. foster1,2, Dale A. C. Brownson1,2, 
Kathryn A. Whitehead3 & Craig E. Banks1,2
the origin of electron transfer at chemical Vapour Deposition (cVD) grown monolayer graphene using a 
polymer-free transfer methodology is explored through the selective electrodeposition of Molybdenum 
(di)oxide (Moo2). The electrochemical decoration of CVD monolayer graphene with MoO2 is shown to 
originate from the edge plane like- sites/defects. Edge plane decoration of MoO2 nanowires upon 
monolayer graphene is observed via electrochemical deposition over short time periods only (ca. −0.6 V 
for 1 second (vs. Ag/AgCl)). At more electrochemically negative potentials (ca. −1.0 V) or longer 
deposition times, a large MoO2 film is created/deposited on the graphene sheet, originating and 
expanding from the original nucleation points at edge plane like- sites/defects/wrinkles. Nanowire 
fabrication along the edge plane like- sites/defects of graphene is confirmed with Cyclic Voltammetry, 
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and Raman Spectroscopy. 
Monitoring the electrochemical response towards [Ru(nH3)6]3+/2+ and comparing the heterogeneous 
electron transfer (Het) kinetics at cVD grown monolayer graphene prior and post nanowire fabrication 
reveals key understandings into the fundamental electrochemical properties of carbon materials. The 
Het kinetics (kobs
0 ) at Moo2 nanowire decorated monolayer graphene sheets, when edge plane like- 
sites/defects have been coated/blocked with Moo2, are significantly reduced in comparison to the 
unmodified graphene alternative. Interestingly, MoO2 nucleation originates on the edge plane like- 
sites/defects of the graphene sheets, where the basal plane sites remain unaltered until the available 
edge plane like- sites/defects have been fully utilised; after which Moo2 deposition propagates towards 
and onto the basal planes, eventually covering the entire surface of the monolayer graphene surface. In 
such instances, there is no longer an observable electrochemical response. This work demonstrates the 
distinct electron transfer properties of edge and basal plane sites on CVD grown monolayer graphene, 
inferring favourable electrochemical reactivity at edge plane like- sites/defects and clarifying the origin 
of graphene electro-activity.
Graphene is extensively studied due to its reported unique electronic, mechanical and optical properties1–5, which 
translate into abundant research interest in energy applications such as supercapacitors6–9, solar cells10–13, fuel 
cells14–16, water splitting17 and for electrochemical sensors18–20 when utilised as an electrode material. Typically, 
graphene is fabricated via one of two routes; a bottom-up (BU) or a top-down (TD) approach. TD methods, 
such as chemical/thermal reduction of graphene oxide or using physical/chemical exfoliation, can give rise to a 
large quantity of graphene sheets; however, the fabricated graphene is generally highly defective and abundant 
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with residual C/O groups or other contamination such as surfactants or metals21–24. Bottom-up (BU) fabrication 
routes typically lead to higher quality graphene, but in smaller quantities25. Chemical Vapour Deposition (CVD) 
growth of graphene onto a copper catalyst is a BU route that facilitates the study of high quality monolayer 
graphene sheets/films26–28, which can then either be transferred (commonly using Poly(methyl methacrylate), 
PMMA) onto a suitable substrate29–31. PMMA has previously been reported to affect the physical and electrical 
properties of CVD grown graphene samples transferred via this route32–38, therefore, in this work we address the 
fundamental properties and conduct performance studies on CVD grown monolayer graphene transferred via a 
polymer-free transfer method39.
In terms of understanding the electrochemical response of CVD grown monolayer graphene (via a BU 
approach), the reactivity of such electrodes is commonly assigned to the graphene edge planes, which are reported 
to exhibit ca. 4 orders of magnitude greater specific capacitance, faster electron transfer rates and higher elec-
trocatalytic activity when compared to the graphene basal planes40. Recent work involving the electrochemi-
cal behaviour of CVD grown pristine graphene has shown a correlation in the structure of graphene, in terms 
of a dependence upon its number of layers and the macroscopic electrochemical response/performance41,42. 
Moreover, an identical relationship in terms of graphene’s geometric structure (the quantity of edge plane vs. basal 
plane coverage) has recently been reported with respect to the lateral flake size, in which smaller graphitic flake 
sizes (comprising a large edge plane like- site/defect density and a respectively small basal plane geometric contri-
bution) exhibited improved electrochemical properties when compared to the inverse43. Indeed, there have been 
numerous other studies reporting that, in comparison to the edge plane like- sites/defects44,45, the basal planes 
of graphitic and carbon-based materials are effectively inert40,41,46,47. However, regardless of the vast number of 
recent reports concerning graphene-based electrodes, researchers still debate the real contributions of edge and 
basal plane like- sites/defects at the macroscopic scale, in future experiments researchers should clarify the exper-
imental configuration of their studies, ie. macro- vs microscopic voltammetry48 with respect to their observed 
heterogeneous electron transfer (HET) kinetics47,49–52; further work is required to explore this edge vs basal argu-
ment for carbon surfaces48. It is these aforementioned research considerations that we investigate herein, through 
the utilisation of a MoO2 deposition technique to decorate CVD grown monolayer graphene (transferred using a 
polymer-free method) so that one can determine the true electrochemical contributions arising from its structure.
Molybdenum oxide(s) and other metal oxides have been shown to electrochemically nucleate specifically onto 
the edge plane like- sites/defects of highly oriented pyrolytic graphite (HOPG)53–57. Davies et al.58 reported that 
edge plane like- sites/defects on basal plane orientated HOPG (SPI-1 grade) are responsible for the voltammetric 
signal, and Rowley-Neale et al.59 extended these insights with screen-printed graphitic electrodes (SPEs) with 
similar results. In these approaches, the selective deposition of metals and metal oxides onto graphite is called 
‘step edge decoration’53–56, and has been utilised to demonstrate that electrochemical reactions at edge plane 
graphite are “anomalously fast” in comparison to the basal plane, which is effectively inert in comparison57,58,60. 
Through the selective coating and blockage method of the edge plane like- sites/defects with MoO2 nanowires 
(that are electrochemically insulating), a reduction in the electrochemical response towards [Ru(NH3)6]3+/2+ 41,47 
was reported; clearly demonstrating that the electrochemical reactivity of the HOPG is due to edge plane like- 
sites/defects. To the best of our knowledge, the above elegant approach has not previously been applied towards 
CVD grown monolayer graphene sheets (in addition to the polymer-free transfer method utilised herein) con-
tributing to the understanding of graphene and all akin carbon-based electrode materials.
Results and Discussion
Previously reported methodologies have utilised the electrochemical decoration of MoO2 onto HOPG and 
SPEs58,59, where MoO2 selectively deposits upon the available edge plane like- site/defects, allowing their elec-
trochemical contributions to be deduced. In consideration of these approaches, herein we adapt this method 
towards CVD grown monolayer graphene sheets. Presented within the Experimental Section and ESI (1.1–1.4) 
are details of the fabrication process, optimisation and physicochemical characterisation of the CVD grown 
monolayer graphene sheets and their MoO2 decorated counterparts. Briefly, Figure S5B depicts the full Raman 
spectra of a MoO2 decorated monolayer graphene, displaying the typical monolayer graphene D (1350 cm−1), G 
(1580 cm−1), 2D (2700 cm−1) and 2D’ (3250 cm−1) peaks, the presence of MoO2 (308 cm−1)61 and the presence of 
the underlying Si (514 and 985 cm−1) wafer (which is usually not shown in the literature and is generally ignored/
not-presented even though it will be observed). Additionally, AFM images were collected in order to characterise 
the MoO2 nucleation upon the edge plane like- sites/defects as depicted in Figure S7, where the length and width 
of the wires is 1–2 µm and 30–75 nm respectively, which corroborates with the selective nucleation characterised 
by Rowley-Neale et al.59.
Figure 1A depicts an SEM image of the edge of an unmodified monolayer graphene sheet and Fig. 1B presents 
the corresponding cyclic voltammetric response, using the near-ideal outer-sphere redox probe, [Ru(NH3)6]3+/2+, 
which exhibits a peak-to-peak separation (ΔEp) of 160 mV (at 50 mV s−1 vs. Ag/AgCl) and a HET (kobs
0 ) rate of 
1.91 × 10−3 cm s−1 (see Experimental Section). Note that this value is similar but slightly faster than other CVD 
monolayer graphene sheets previously reported by our research group41, which is due to a higher exposure of the 
edge plane like- sites/defects upon the graphene sheet. Furthermore, it is worth noting at this stage that each 
individual graphene sheet is unique in terms of its level of edge plane like- site/defects, so there is natural variation 
in the reported HET rates throughout the literature; thus, it is important to characterise each monolayer graphene 
sample62 prior to modification with MoO2. Figure 1C depicts an SEM image of the MoO2 electrochemically dec-
orated monolayer graphene sheet following applying chronoamperometry at a set voltage (−0.6 V vs. Ag/AgCl) 
for 1 second, where it is readily observed that the MoO2 nucleates upon the edge plane like- sites/defects/wrinkles 
of the monolayer graphene surface. Figure 1D represents the voltammetric responses using the near-ideal redox 
probe, [Ru(NH3)6]3+/2+, which exhibits a ΔEp of 200 mV (at 50 mV s−1 vs. Ag/AgCl) and a kobs
0  of 
8.80 × 10−4 cm s−1. Such decreased voltammetric behaviour implies that the insulating MoO2 nanowires have 
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coated some of the available edge plane like- sites/defects, with some edge sites remaining unmodified. Figure 1D 
compares the voltammetric profiles and Table 1 shows (with respect to the HET kinetics (kobs
0 ) and the percentage 
of edge plane coverage (%θedge) values) the changes observed as one electrodeposits MoO2 onto the graphene 
electrode’s surface. Such voltammetric profiles show that the decorated electrode (dashed line) still exhibits rela-
tively fast HET kinetics when compared to the unmodified electrode (solid line), but presents a lower current 
intensity due to the limited availability of edge plane like- sites/defects on the electrode surface. This is corrobo-
rated with the SEM presented within Fig. 1C.
Next we investigate the effect of increased deposition times at −0.6 V (vs. Ag/AgCl). Presented within Fig. 1E 
is an SEM image of the MoO2 electrochemically decorated monolayer graphene sheet that has been applied at 
Figure 1. SEM images of a monolayer graphene electrode (A), 1 second electrodeposition of MoO2 at −0.6 V 
(vs. Ag/AgCl) (C) and 10 second electrodeposition of MoO2 at −0.6 V (vs. Ag/AgCl) (E). Additionally presented 
is cyclic voltammetric analyses recorded using 1 mM [Ru(NH306]3+/2+/0.1 M KCl, using a monolayer graphene 
sheet (B), 1 second electrodeposition of MoO2 at −0.6 V (vs. Ag/AgCl) (D) and 10 second electrodeposition 
of MoO2 at −0.6 V (vs. Ag/AgCl) (F) (Scan rate: 25 mV s−1). Note that the monolayer graphene samples (A) 
might contain dust/air impurities due to the manufacturing process explained within the Experimental Section, 
observed as nanoparticulates.
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−0.6 V (vs. Ag/AgCl) for 10 seconds via chronoamperometry, where it is clear that electrodeposition is no longer 
isolated upon the edge plane like- sites/defects. Instead, the MoO2 has coated/blocked the entire electroactive 
surface. Upon electrodeposition at more electrochemically negative potentials (ca. −1.0 V) or longer deposition 
times, a large MoO2 film is created/deposited on the graphene sheet, originating and expanding from the original 
edge plane like- sites/defects (non-selective deposition), as shown in Figures S2 and S3. Figure 1F corroborates 
with this topographical analysis as the corresponding cyclic voltammetric analysis utilising the same near-ideal 
redox probe, [Ru(NH3)6]3+/2+, exhibits a ΔEp of 820 mV and a kobs
0  of 2.18 × 10−6 cm s−1. As expected, the mon-
olayer graphene sheets coated with insulating MoO2 (upon the edge plane like- sites/defects), give rise to an 
electrochemical response with a larger ΔEp (slower electron transfer) than the unmodified monolayer graphene. 
The aforementioned MoO2 coverage dependant electrochemical behaviour has been illustrated within the sche-
matic presented within Fig. 2.
Figure 2 represents the selective nucleation process of MoO2 wires that nucleate onto the graphene’s edge 
plane (and or defect/wrinkle) sites when a electrodeposition for 1 second at −0.6 V is performed, resulting in a 
decrease in the reversibility of the [Ru(NH3)6]3+/2+ redox probe. Longer deposition times will increase the nucle-
ation of the MoO2 onto remaining edge sites and towards the basal plane of the graphene sheet (deposition of 
5 seconds at −0.6 V). Eventually, a complete coverage of the surface of the graphene is confirmed by the absence 
of cyclic voltammetric redox peaks of [Ru(NH3)6]3+/2+, for example, when a electrodeposition of 10 total seconds 
at −0.6 V is performed.
The experiments performed above confirm that the MoO2 wires are indeed being electrodeposited selectively 
onto the graphene edge plane like- sites/defects, at a set potential of −0.6 V (vs. Ag/AgCl) for 1 second and this 
results in a decrease in the kobs
0  by 41.5% (shown in Fig. 1 and Table 1). Note that the electrochemical activity of 
the monolayer graphene sheet is reduced since the MoO2 selectively electrodeposits upon the edge plane like- 
sites/defects, which is confirmed by physicochemical characterisation, indicating that these are the active sites for 
electron transfer. If no changes in the voltammetry were observed, this would indicate that basal planes sites are 
the origin of electron transfer, as this is not the case, our work provides convincing evidence that it is the edge 
plane like- sites/defects of the CVD grown monolayer graphene that are the origin. When utilising an electrodep-
osition of 10 seconds, an insulating film is created, which largely decreases the amount of available edge plane 
like- sites/defects by up to 99.9%. Note that in the case of sample B, however, due to the initial low θedge and hence 
kobs
0 , in this case the deposition of MoO2 has fewer edge plane like- sites/defects to deposit upon. This demon-
strates again that each individually grown CVD graphene sheet is unique in terms of edge plane like- sites/defects 
and kobs
0 ; therefore emphasising the importance of their characterisation (both physicochemical and electrochem-
ical properties of the graphene) upon fabrication and prior to application. Last, note that if incorrect deposition 
parameters are utilised, i.e. too long deposition times and high deposition potentials, physicochemical character-
isation would indicate a large film is created, which would give the false impression that the basal plane of mon-
olayer graphene is as equally electrochemically active as the edge plane sites, which is not the case. However, there 
has been a great deal of elegant work published on the micro scale response of electron transfer at carbon materi-
als using novel nanoscale techniques63,64, therefore it is intended that the data reported herein be considered 
in-conjunction with such other studies for the electrochemical community to better understand this phenomena 
as a whole.
conclusions
MoO2 nanowire arrays have been electrodeposited onto the edge plane like- sites/defects of CVD grown mon-
olayer graphene using a polymer-free transfer method, which have been confirmed via physicochemical charac-
terisation. The electrochemical activity pre and post MoO2 electrochemical deposition has been assessed using a 
near-ideal redox probe and in the latter case indicates that the HET kinetics (kobs
0 ) are significantly reduced, pro-
viding convincing evidence that the edge plane like- sites/defects/wrinkles of the CVD grown monolayer 
graphene are the predominant origin of electron transfer. The confirmation of the origin of monolayer graphene’s 
electrochemical properties could enable its application in several areas, such as additive manufacturing, electron-
ics, energy storage/generation and for electrochemical sensor platforms.
Experimental section. All chemicals used were of analytical grade and were used as received from the sup-
plier (Sigma-Aldrich, Irvine, UK) without any further purification. All solutions were prepared with deionised 
Graphene 
Sample
Prior to electrodeposition Electrodeposition 
Time (s)
Post electrodeposition
Δ%θedgek0obs(cm s−1) %θedge k0obs (cm s−1) %θedge
A 1.64 × 10−3 0.4 1 9.65 × 10−4 0.24 41.5
B 4.26 × 10−4 0.1 2 3.44 × 10−4 0.09 18.2
C 2.32 × 10−3 0.6 5 8.75 × 10−4 0.22 62.1
D 2.83 × 10−3 0.7 10 2.18 × 10−6 0.0005 99.9
Table 1. HET kinetics (kobs
0 ) determined using the near ideal outer-sphere redox probe [Ru(NH3)6]3+/2+/0.1 M 
KCl, coverage of edge plane (θedge) and the difference in the percentage of edge coverage upon the surface of the 
monolayer graphene sheets (Δθedge) followed by the electrochemical decoration of MoO2 for: 1 (A), 2 (B), 5 (C) 
and 10 (D) seconds; electrochemical parameters: −0.6 V (vs. Ag/AgCl) using 1 mM Na2MoO4 (in 1 M NaCl). 
Note: each sample (A, B, C and D) is a different CVD monolayer graphene sheet and has a varied initial size and 
quantity of edge sites, which exhibit distinct electron transfer rates (HET kinetics).
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water of resistivity no less than 18.2 MΩ cm and were vigorously degassed prior to electrochemical measurements 
with high purity, oxygen free nitrogen. Test solutions were: 1 mM [Ru(NH3)6]3+/2+ (in 0.1 M KCl), 0.5 M H2SO4 
and 1 mM Na2MoO4 (in 1 M NaCl).
Electrochemical measurements were carried out using an Autolab PGSTAT204 potentiostat (Metrohm 
Autolab, Utrecht, The Netherlands). All measurements were conducted using a three-electrode system. Working 
electrodes were in-house fabricated CVD synthesised monolayer graphene films supported on an oxidised sil-
icon wafer. A nickel wire counter/auxiliary electrode and a silver/silver chloride electrode (Ag/AgCl) reference 
electrode completed the circuit.
The in-house graphene growth took place within a nanoCVD-8G rig (Moorfield, UK), which uses a cold-wall 
variant of the CVD process, using a method based on that reported previously by Bointon65. Copper foils (25 µm, 
99.99 + %) were placed on the heating stage (1 × 1 cm2 sample) and sealed within the vacuum chamber. The CVD 
system is then heated from room temperature to 1035 °C (growth temperature) in 3 minutes with H2 gas flowing 
at a constant rate of 0.4 sccm at 1.33 Pa. Following this, the annealing step was performed for 300 seconds at 
1035 °C in the constant H2 atmosphere. Next, a nucleation and growth process is initiated at 1000 °C, with the first 
step lasting 120 seconds (with a flow of 1.4 sccm of CH4 and 0.4 sccm of H2 and a pressure of 1.33 Pa) followed 
Figure 2. Schematic highlighting the MoO2 deposition process upon monolayer CVD graphene sheets, where 
MoO2 nucleation starts upon the graphene edge plane like- sites/defects. Note that longer deposition times 
result in the MoO2 growing from the edge plane like- sites/defects over onto the basal plane sites until there is 
a complete insulating layer covering the entire monolayer graphene sheet, resulting in substantially reduced 
electrochemical activity. Note, sizes are not to scale.
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by the second step (growth) for 720 seconds (at 7 sccm of CH4 and 0.4 sccm of H2 kept constant flow rate and a 
pressure of 1.33 Pa). Next, there is a cooling down process, based on a flow of H2 at 0.4 sccm and Ar at 100 sccm, 
which reduces the temperature from 1000 °C to 190 °C for 600 seconds at 1.33 Pa. Finally, the sample is left to cool 
at atmospheric pressure and with no gas flow until a temperature below 40 °C is reached to avoid any copper/
sample oxidation. A modified version of a polymer free transfer method is utilised in this work, adapted from 
Zhang39, which makes use of an organic/aqueous biphasic configuration made from hexane/ammonium persul-
fate; where the ammonium persulfate acts as an etching solution to remove the copper and in doing so avoids 
the use of polymers that can contaminate the fabricated graphene30,34. After etching of the supporting copper, 
the graphene sheets are transferred into a deionised water/hexane interface to clean away any etching product 
that might still be in solution (this process is repeated several times). Finally, the free-floating graphene sheet is 
transferred onto a Si/SiO2 wafer to be used as an electrode for further studies.
SolidWorks software has been used to design the 3D printed electrochemical cell, which has been printed 
using an ‘ultraviolet curable proprietary polymer’ and a “Form 2 3D printer” (from Formlabs, USA). The CVD 
grown graphene working electrode was secured into the 3D printed electrochemical cell described in Figure S8 
and was ‘connected to’ with copper foil to a crocodile connector, which leads to the potentiostat and external 
reference and counter electrodes.
The HET rate constants, kobs
0 , were calculated using the near ideal outer-sphere redox probe [Ru(NH3)6]3+/2+ 
(in 0.1 M KCl) using the well-known66 and utilised Nicholson method67, for quasi-reversible electrochemical 
reactions via the following formula59:
ϕ π ν= −k Dn F RT[ / ] (1)obs
0 1/2
where ϕ is a kinetic parameter, D is the diffusion coefficient for [Ru(NH3)6]3+/2+ (D = 9.1 × 10−6 cm2 s−1)66, n is 
the number of electrons that are taking part in the process, F is the faraday constant, vis the scan rate, R is the gas 
constant and T is the temperature in Kelvin. In order to calculate the HET rate constant, we use the peak to peak 
separation (ΔEp) to deduce ϕ, where ΔEp is obtained at various voltammetric scan rates52. The standard hetero-
geneous constant (kobs
0 ) can be calculated via the gradient when plotting ϕ against [πDn vF/RT]−1/2. In cases where 
ΔEp is bigger than 212 mV, the following equation should be implemented:
ν
=
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where α is assumed to be 0.5.
The observed electron transfer rate, kobs
0 , of graphite electrodes has been shown to be a contribution of edge 
plane like- sites/defects (kedge
0 ) and basal planes (kbasal
0 ), allowing one to calculate the specific contributions with 
the following equation:
= θ + − θk k k( ) (1 ) (3)obs edge edge basal edge
0 0 0
where θedge is the coverage of edge plane like- sites/defects on the surface of the electrode, and kedge
0  has been shown 
as anomalously fast over that of kbasal
0  on graphite, allowing one to write:
k k (4)edge basal
0 0
Such that Equation (3) now becomes:
= θk k ( ) (5)obs edge edge
0 0
allowing the coverage of edge plane like- sites/defects upon the graphite electrode to be deduce; we use this 
and adapt this to the voltammetry observed at the CVD grown monolayer graphene sheets. %θedge is the percent-
age representation of the edge plane coverage in comparison to the total coverage, being the sum of %θedge and 
%θbasal always equalling 100%. In the above analysis, the assumption is that the electron transfer rate for edge 
plane like- sites/defects (kedge
0 ) for the near ideal outer-sphere redox probe, [Ru(NH3)6]3+/2+, has been widely 
determined with a commercial simulation package providing a value of 0.4 cm s−1 for HOPG electrodes58.
Raman Spectroscopy was performed using a DXR Raman Microscope (Thermo Scientific, UK) fitted with 
a 532 nm excitation laser at a low power of 3 mW to avoid any heating effects. Spectra were recorded using a 
3 second exposure time for 3 accumulations at each point. Scanning electron microscope (SEM) images were 
obtained using a JSM-5600LV (JEOL, Japan) model SEM equipped with an energy-dispersive X-ray microanalysis 
(EDS) package. Atomic force microscopy (AFM) images were obtained using a DualScope C26 (DME, Germany), 
carried out using AC mode using DS 95 AC probes with a spring constant of 42 N m−1 (DME, Germany). Scans 
were carried out at 40 µm/s with a force set point of 6 nN. Samples were attached to glass microscope slides using 
double sided tape.
Note that the area studied is in the macroscale range which is not considered too large because indeed it aver-
ages the actual phenomena occurring locally (which we study in terms of physicochemical characterisation on the 
nanoscale too). Such that this makes this study applicable for real applications. We are reporting on the average 
response of the macro electrode with varying contributions of the two micro features (edge and basal planes), 
which is relevant because the likely end use/application of such systems will be on that of the macro scale.
7Scientific RepoRtS |         (2019) 9:12814  | https://doi.org/10.1038/s41598-019-48022-6
www.nature.com/scientificreportswww.nature.com/scientificreports/
References
 1. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat Mater 6, 183–191 (2007).
 2. Geim, A. K. Graphene: Status and Prospects. Science 324, 1530–1534, https://doi.org/10.1126/science.1158877 (2009).
 3. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature 438, 197–200 (2005).
 4. Morozov, S. V. et al. Giant Intrinsic Carrier Mobilities in Graphene and Its Bilayer. Physical Review Letters 100, 016602 (2008).
 5. Chen, J.-H., Jang, C., Xiao, S., Ishigami, M. & Fuhrer, M. S. Intrinsic and extrinsic performance limits of graphene devices on SiO2. 
3, 206, https://doi.org/10.1038/nnano.2008.58, https://www.nature.com/articles/nnano.2008.58#supplementary-information 
(2008).
 6. Zhu, Y. et al. Carbon-Based Supercapacitors Produced by Activation of Graphene. Science 332, 1537–1541, https://doi.org/10.1126/
science.1200770 (2011).
 7. Wang, Y. et al. Supercapacitor Devices Based on Graphene Materials. The Journal of Physical Chemistry C 113, 13103–13107, https://
doi.org/10.1021/jp902214f (2009).
 8. Liu, C., Yu, Z., Neff, D., Zhamu, A. & Jang, B. Z. Graphene-Based Supercapacitor with an Ultrahigh Energy Density. Nano Letters 10, 
4863–4868, https://doi.org/10.1021/nl102661q (2010).
 9. Zhang, L. L., Zhou, R. & Zhao, X. S. Graphene-based materials as supercapacitor electrodes. Journal of Materials Chemistry 20, 
5983–5992, https://doi.org/10.1039/C000417K (2010).
 10. Wang, X., Zhi, L. & Müllen, K. Transparent, Conductive Graphene Electrodes for Dye-Sensitized Solar Cells. Nano Letters 8, 
323–327, https://doi.org/10.1021/nl072838r (2008).
 11. Cui, K., Chiba, T., Chen, X., Chiashi, S. & Maruyama, S. Structured Single-Walled Carbon Nanotubes and Graphene for Solar Cells. 
Journal of Nanoscience and Nanotechnology 15, 3107–3110, https://doi.org/10.1166/jnn.2015.9682 (2015).
 12. Zhong, M. et al. Interface coupling in graphene/fluorographene heterostructure for high-performance graphene/silicon solar cells. 
Nano Energy 28, 12–18, https://doi.org/10.1016/j.nanoen.2016.08.031 (2016).
 13. Miao, X. et al. High Efficiency Graphene Solar Cells by Chemical Doping. Nano Letters 12, 2745–2750, https://doi.org/10.1021/
nl204414u (2012).
 14. Marinoiu, A., Raceanu, M., Carcadea, E., Varlam, M. & Stefanescu, I. Low cost iodine intercalated graphene for fuel cells electrodes. 
Applied Surface Science 424, 93–100, https://doi.org/10.1016/j.apsusc.2017.01.295 (2017).
 15. Zhang, L. & Xia, Z. Mechanisms of Oxygen Reduction Reaction on Nitrogen-Doped Graphene for Fuel Cells. The Journal of Physical 
Chemistry C 115, 11170–11176 (2011).
 16. Bonaccorso, F. et al. Graphene, related two-dimensional crystals, and hybrid systems for energy conversion and storage. Science 347, 
https://doi.org/10.1126/science.1246501 (2015).
 17. Xie, G. et al. Graphene-Based Materials for Hydrogen Generation from Light-Driven Water Splitting. Advanced Materials 25, 
3820–3839, https://doi.org/10.1002/adma.201301207 (2013).
 18. Kwak, Y. H. et al. Flexible glucose sensor using CVD-grown graphene-based field effect transistor. Biosensors and Bioelectronics 37, 
82–87, https://doi.org/10.1016/j.bios.2012.04.042 (2012).
 19. Joshi, R. K., Gomez, H., Alvi, F. & Kumar, A. Graphene Films and Ribbons for Sensing of O2, and 100 ppm of CO and NO2 in 
Practical Conditions. The Journal of Physical Chemistry C 114, 6610–6613, https://doi.org/10.1021/jp100343d (2010).
 20. Chen, T.-Y. et al. Label-free detection of DNA hybridization using transistors based on CVD grown graphene. Biosensors and 
Bioelectronics 41, 103–109, https://doi.org/10.1016/j.bios.2012.07.059 (2013).
 21. Lu, W., Adriano, A. & Martin, P. “Metal‐Free” Catalytic Oxygen Reduction Reaction on Heteroatom‐Doped Graphene is Caused by 
Trace Metal Impurities. Angewandte Chemie International Edition 52, 13818–13821, https://doi.org/10.1002/anie.201309171 (2013).
 22. Figueiredo-Filho, L. C. S., Brownson, D. A. C., Fatibello-Filho, O. & Banks, C. E. Exploring the origins of the apparent 
“electrocatalytic” oxidation of kojic acid at graphene modified electrodes. Analyst 138, 4436–4442, https://doi.org/10.1039/
C3AN00856H (2013).
 23. Brownson, D. A. C., Smith, G. C. & Banks, C. E. Graphene oxide electrochemistry: the electrochemistry of graphene oxide modified 
electrodes reveals coverage dependent beneficial electrocatalysis. Royal Society Open Science 4, https://doi.org/10.1098/rsos.171128 
(2017).
 24. Brownson, D. A. C., Metters, J. P., Kampouris, D. K. & Banks, C. E. Graphene Electrochemistry: Surfactants Inherent to Graphene 
Can Dramatically Effect Electrochemical Processes. Electroanalysis 23, 894–899 (2011).
 25. Tour, J. M. Top-Down versus Bottom-Up Fabrication of Graphene-Based Electronics. Chemistry of Materials 26, 163–171, https://
doi.org/10.1021/cm402179h (2014).
 26. Mattevi, C., Kim, H. & Chhowalla, M. A review of chemical vapour deposition of graphene on copper. Journal of Materials Chemistry 
21, 3324–3334, https://doi.org/10.1039/C0JM02126A (2011).
 27. Muñoz, R. & Gómez-Aleixandre, C. Review of CVD Synthesis of Graphene. Chemical Vapor Deposition 19, 297–322, https://doi.
org/10.1002/cvde.201300051 (2013).
 28. Li, X. et al. Large-area synthesis of high-quality and uniform graphene films on copper foils. Science 324, 1312–1314, https://doi.
org/10.1126/science.1171245 (2009).
 29. Li, X. et al. Graphene Films with Large Domain Size by a Two-Step Chemical Vapor Deposition Process. Nano Letters 10, 4328–4334, 
https://doi.org/10.1021/nl101629g (2010).
 30. Suk, J. W. et al. Transfer of CVD-Grown Monolayer Graphene onto Arbitrary Substrates. ACS Nano 5, 6916–6924, https://doi.
org/10.1021/nn201207c (2011).
 31. Reina, A. et al. Large Area, Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition. Nano Letters 9, 
30–35, https://doi.org/10.1021/nl801827v (2009).
 32. Pirkle, A. et al. The effect of chemical residues on the physical and electrical properties of chemical vapor deposited graphene 
transferred to SiO2. Applied Physics Letters 99, 122108, https://doi.org/10.1063/1.3643444 (2011).
 33. Vig, J. R. UV/ozone cleaning of surfaces. Journal of Vacuum Science & Technology A 3, 1027–1034, https://doi.org/10.1116/1.573115 
(1985).
 34. Lupina, G. et al. Residual Metallic Contamination of Transferred Chemical Vapor Deposited Graphene. ACS Nano 9, 4776–4785, 
https://doi.org/10.1021/acsnano.5b01261 (2015).
 35. Van Ngoc, H., Qian, Y., Han, S. K. & Kang, D. J. PMMA-Etching-Free Transfer of Wafer-scale Chemical Vapor Deposition Two-
dimensional Atomic Crystal by a Water Soluble Polyvinyl Alcohol Polymer Method. Scientific Reports 6, 33096, https://doi.
org/10.1038/srep33096, https://www.nature.com/articles/srep33096#supplementary-information (2016).
 36. Lene, G. et al. Graphene transport properties upon exposure to PMMA processing and heat treatments. 2D Materials 1, 035005 
(2014).
 37. Yulaev, A. et al. Toward clean suspended CVD. graphene. RSC Advances 6, 83954–83962, https://doi.org/10.1039/C6RA17360H 
(2016).
 38. Tyler, B. J. et al. Removal of Organic Contamination from Graphene with a Controllable Mass-Selected Argon Gas Cluster Ion Beam. 
The Journal of Physical Chemistry C 119, 17836–17841, https://doi.org/10.1021/acs.jpcc.5b03144 (2015).
 39. Zhang, G. et al. Versatile Polymer-Free Graphene Transfer Method and Applications. ACS Applied Materials & Interfaces 8, 
8008–8016, https://doi.org/10.1021/acsami.6b00681 (2016).
 40. Yuan, W. et al. The edge- and basal-plane-specific electrochemistry of a single-layer graphene sheet. Sci Rep 3, 2248, https://doi.
org/10.1038/srep02248 (2013).
8Scientific RepoRtS |         (2019) 9:12814  | https://doi.org/10.1038/s41598-019-48022-6
www.nature.com/scientificreportswww.nature.com/scientificreports/
 41. Brownson, D. A. C., Varey, S. A., Hussain, F., Haigh, S. J. & Banks, C. E. Electrochemical properties of CVD grown pristine graphene: 
monolayer- vs. quasi-graphene. Nanoscale 6, 1607–1621, https://doi.org/10.1039/c3nr05643k (2014).
 42. Randviir, E. P., Brownson, D. A. C. & Banks, C. E. A decade of graphene research: production, applications and outlook. Materials 
Today 17, 426–432, https://doi.org/10.1016/j.mattod.2014.06.001 (2014).
 43. Slate, A. J. et al. Exploring the Electrochemical Performance of Graphite and Graphene Paste Electrodes Composed of Varying 
Lateral Flake Sizes. Physical Chemistry Chemical Physics. https://doi.org/10.1039/C8CP02196A (2018).
 44. Hou, H., Banks, C. E., Jing, M., Zhang, Y. & Ji, X. Carbon Quantum Dots and Their Derivative 3D Porous Carbon Frameworks for 
Sodium-Ion Batteries with Ultralong Cycle Life. Advanced Materials 27, 7861–7866, https://doi.org/10.1002/adma.201503816 
(2015).
 45. Cao, J. et al. Two-Step Electrochemical Intercalation and Oxidation of Graphite for the Mass Production of Graphene Oxide. J Am 
Chem Soc 139, 17446–17456, https://doi.org/10.1021/jacs.7b08515 (2017).
 46. Li, W., Tan, C., Lowe, M. A., Abruña, H. D. & Ralph, D. C. Electrochemistry of Individual Monolayer Graphene Sheets. ACS Nano 5, 
2264–2270, https://doi.org/10.1021/nn103537q (2011).
 47. Brownson, D. A. C., Kampouris, D. K. & Banks, C. E. Graphene electrochemistry: fundamental concepts through to prominent 
applications. Chem Soc Rev 41, 6944–6976, https://doi.org/10.1039/c2cs35105f (2012).
 48. Rowley-Neale, S. J. & Banks, C. E. Encyclopedia of Interfacial Chemistry: Electrocatalytic Properties of Carbon Electrode Surfaces. 
531–538 (2018).
 49. Valota, A. T. et al. Electrochemical Behavior of Monolayer and Bilayer Graphene. ACS Nano 5, 8809–8815, https://doi.org/10.1021/
nn202878f (2011).
 50. Edwards, M. A., Bertoncello, P. & Unwin, P. R. Slow Diffusion Reveals the Intrinsic Electrochemical Activity of Basal Plane Highly 
Oriented Pyrolytic Graphite Electrodes. The Journal of Physical Chemistry C 113, 9218–9223, https://doi.org/10.1021/jp8092918 
(2009).
 51. Brownson, D. A. C., Munro, L. J., Kampouris, D. K. & Banks, C. E. Electrochemistry of graphene: not such a beneficial electrode 
material? RSC Advances 1, 978–988, https://doi.org/10.1039/C1RA00393C (2011).
 52. Brownson, D. & Banks, C. E. The Handbook of Graphene Electrochemistry. (2014).
 53. Ji, X., Banks, C. E., Xi, W., Wilkins, S. J. & Compton, R. G. Edge Plane Sites on Highly Ordered Pyrolytic Graphite as Templates for 
Making Palladium Nanowires via Electrochemical Decoration. The Journal of Physical Chemistry B 110, 22306–22309, https://doi.
org/10.1021/jp065776m (2006).
 54. Zach, M. P., Inazu, K., Ng, K. H., Hemminger, J. C. & Penner, R. M. Synthesis of Molybdenum Nanowires with Millimeter-Scale 
Lengths Using Electrochemical Step Edge Decoration. Chemistry of Materials 14, 3206–3216, https://doi.org/10.1021/cm020249a 
(2002).
 55. Zach, M. P., Ng, K. H. & Penner, R. M. Molybdenum nanowires by electrodeposition. Science 290, 2120–2123 (2000).
 56. Walter, E. C. et al. Metal Nanowire Arrays by Electrodeposition. ChemPhysChem 4, 131–138, https://doi.org/10.1002/
cphc.200390022 (2003).
 57. Hyde, M. E., Davies, T. J. & Compton, R. G. Fabrication of Random Assemblies of Metal Nanobands: A General Method. Angew 
Chem 44, 6491–6496, https://doi.org/10.1002/anie.200502128 (2005).
 58. Davies, T. J., Hyde, M. E. & Compton, R. G. Nanotrench arrays reveal insight into graphite electrochemistry. Angew Chem 44, 
5121–5126, https://doi.org/10.1002/anie.200462750 (2005).
 59. Rowley-Neale, S. J., Brownson, D. A. C. & Banks, C. E. Defining the origins of electron transfer at screen-printed graphene-like and 
graphite electrodes: MoO2 nanowire fabrication on edge plane sites reveals electrochemical insights. Nanoscale 8, 15241–15251, 
https://doi.org/10.1039/C6NR04220A (2016).
 60. Smith, R. E. G., Davies, T. J., Baynes, N. B. & Nichols, R. J. The electrochemical characterisation of graphite felts. Journal of 
Electroanalytical Chemistry.
 61. Camacho-López, M. A. et al. Micro-Raman study of the m-MoO2 to α-MoO3 transformation induced by cw-laser irradiation. 
Optical Materials 33, 480–484, https://doi.org/10.1016/j.optmat.2010.10.028 (2011).
 62. Brownson, D. A. C., Kelly, P. J. & Banks, C. E. In situ electrochemical characterisation of graphene and various carbon-based 
electrode materials: an internal standard approach. RSC Advances 5, 37281–37286 (2015).
 63. Unwin, P. R., Güell, A. G. & Zhang, G. Nanoscale Electrochemistry of sp2 Carbon Materials: From Graphite and Graphene to 
Carbon Nanotubes. Accounts of Chemical Research 49, 2041–2048, https://doi.org/10.1021/acs.accounts.6b00301 (2016).
 64. Güell, A. G. et al. Redox-Dependent Spatially Resolved Electrochemistry at Graphene and Graphite Step Edges. ACS Nano 9, 
3558–3571, https://doi.org/10.1021/acsnano.5b00550 (2015).
 65. Bointon, T. H., Barnes, M. D., Russo, S. & Craciun, M. F. High Quality Monolayer Graphene Synthesized by Resistive Heating Cold 
Wall Chemical Vapor Deposition. Advanced Materials 27, 4200–4206, https://doi.org/10.1002/adma.201501600 (2015).
 66. García-Miranda Ferrari, A., Foster, C. W., Kelly, P., Brownson, D. C. & Banks, C. E. Determination of the Electrochemical Area of 
Screen-Printed Electrochemical Sensing Platforms. Biosensors 8, https://doi.org/10.3390/bios8020053 (2018).
 67. Nicholson, R. S. Theory and Application of Cyclic Voltammetry for Measurement of Electrode Reaction Kinetics. Analytical 
Chemistry 37, 1351–1355, https://doi.org/10.1021/ac60230a016 (1965).
Acknowledgements
Funding from the Engineering and Physical Sciences Research Council (Reference: EP/N001877/1) and a British 
Council Institutional Grant Link (No. 172726574) is acknowledged.
Author contributions
C.E.B. conceived the idea. A.G.-M.F., C.W.F., D.A.C.B., C.E.B. designed the experiments. K.A.W. performed 
A.F.M. measurements. A.G.-M.F., C.W.F., D.A.C.B. performed all other experiments. All authors contributed to 
the writing of the paper.
Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48022-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
9Scientific RepoRtS |         (2019) 9:12814  | https://doi.org/10.1038/s41598-019-48022-6
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
